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710a Wednesday, February 29, 2012Ca-ATPase (SERCA) through adjusting the membrane surface charge. We
used EPR to measure the backbone dynamics of TOAC spin-labeled PLB,
time-resolved (TR) FRET to measure the interprobe distance between the do-
nor IAEDANS in SERCA and the acceptor Dabcyl in PLB, and NADH-linked
ATPase assay to measure PLB’s inhibitory function. The cytoplasmic domain
of PLB has a net charge of þ3 under physiological conditions. When free or
bound to SERCA in lipid vesicles, PLB is in equilibrium between an ordered
T state and a dynamically disordered R state, as measured by EPR. TR-FRET
resolved two interprobe distances between SERCA and PLB. Compared to
zwitterionic lipids (DOPC), anionic lipids (DOPS or DOPG) increased the
population of the T state, which has the longer interprobe distance between
SERCA and PLB, and the inhibition of SERCA’s ATPase function. Cationic
lipids (DOEPC or DOTAP) decreased the T state population and SERCA in-
hibition. We conclude that electrostatics can tune the structural and functional
dynamics of PLB. The ordered T state is oriented closer to the membrane sur-
face, resulting in a longer SERCA-PLB interprobe distance, and is more in-
hibitory. The disordered R state is oriented away from the membrane
surface, resulting in a shorter SERCA-PLB interprobe distance, and is less in-
hibitory. Modulating the membrane surface charges provides a new way of
investigating the correlation between internal structural dynamics and func-
tion of membrane proteins.
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Phospholamban does not Interact with E2 Intermediates of the Cardiac
Calcium Pump Stabilized by Metal Fluorides
Zhenhui Chen, Larry R. Jones.
Indiana University, Indianapolis, IN, USA.
The phospholamban (PLB) monomer binds in the groove betweenM2, M4, and
M9 of the cardiac calcium pump (SERCA2a) and inhibits enzyme activity. We
previously demonstrated that cross-linking of PLB with engineered Cys-
residues to this region is prevented by micromolar Ca, but is stimulated by
the nucleotides ATP or ADP. We proposed that PLB inhibits the catalytic ac-
tivity of the enzyme by stabilizing a unique, nucleotide bound, Ca-free interme-
diate of SERCA2a (E2ATP). Stabilization of E2ATP prevents Ca binding at
the high affinity Ca binding sites and formation of E1, thus blocking the kinetic
cycle. To further test our model, we have now checked if PLB interacts with
other E2 conformations, notably, SERCA2a with the bound metal fluorides
(MgF4
2-, AlF4
-, or BeF3
-), which mimic the E2Pi, E2P, and E2-P states, re-
spectively. Interactions between PLB and SERCA2a were examined by
cross-linking of N30C-PLB to K328 of WT-SERCA2a at the cytoplasmic ex-
tension of M4 and of V49C-PLB to V89C-SERCA2a at the C-terminal end of
M2. Insect cell microsomes co-expressing N30C-PLB/SERCA2a or V49C-
PLB/V89C-SERCA2a were first incubated with the metal fluorides in
Ca-free buffer, and then subjected to chemical cross-linking. All these metal
fluorides prevented cross-linking of PLB to SERCA2a at both the cytoplasmic
and transmembrane regions, suggesting that PLB does not interact with E2Pi,
E2P, and E2-P formed in the absence of nucleotide. Remarkably, however, the
cross-linking of PLB to SERCA2a was completely restored upon addition of
3mM ATP, allowing formation of E2ATP. These results strongly support
our model in which E2ATP is the single conformation binding PLB, and fur-
ther suggest that the binding interaction between E2ATP and PLB is very
strong, sufficient to prevent formation of E2Pi, E2P, or E2-P, even when sta-
bilized by metal fluorides.
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Interaction of SERCA with the Transmembrane Domain of Phospholam-
ban Measured by FRET in Live Cells
Philip A. Bidwell, Seth L. Robia.
Loyola University Chicago, Maywood, IL, USA.
Phospholamban (PLB) is the key regulator of the SERCA calcium pump. Pre-
vious quantitative fluorescence resonance energy transfer (FRET) measure-
ments between Cerulean-SERCA and YFP-PLB have shown that calcium
and thapsigargin reduce the affinity of the PLB-SERCA binding interaction.
Though a structure change in the regulatory complex would account for this re-
duced affinity, we detected no change in FRET distance. We hypothesized that
in the presence of calcium the transmembrane domain of PLB moves to a sec-
ondary site on SERCA without altering the positions of the PLB cytosolic do-
main or fluorescent protein fusion tag. To test this hypothesis, we engineered
a truncated PLB construct (tmPLB) composed of a fluorescent protein fused
to the transmembrane domain of PLB (residues 28-52). We observed FRET
from Cerulean-SERCA to YFP-tmPLB, but with a significantly longer FRET
distance compared to full-length PLB. SERCA-tmPLB FRET was not signifi-
cantly changed by saturating concentrations of calcium or thapsigargin. Nota-bly, we did not detect inhibition of SERCA by YFP-tmPLB using an in-cell
calcium uptake assay, even though other groups have previously shown that
the PLB transmembrane domain can inhibit SERCA activity. In addition, olig-
omerization of the tmPLB was detected by intrapentameric FRET. Compared
to full-length PLB, the oligomerization affinity of tmPLB was normal, but
we measured a shorter FRET distance as a result of deletion of the cytoplasmic
domain. The results demonstrate that tmPLB retains some normal protein-
protein interactions despite its apparently anomalous interaction with SERCA.
Taken together, the results suggest a non-inhibitory binding interaction be-
tween YFP-tmPLB and SERCA, perhaps as a result of steric hindrance by
the YFP fusion tag. It is also possible that the truncated PLB binds selectively
to a non-inhibitory site on SERCA. Experiments are underway to address these
unresolved questions.
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Evidence of Direct Binding of G-Actin and Calmodulin to PMCA by Sur-
face Plasmon Resonance
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Emanuel E. Strehler3, Juan Pablo Rossi1.
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Previous studies of our laboratory suggest that the main isoform of the plasma
membrane calcium ATPase (PMCA) from erythrocytes, PMCAh4b, associates
with the actin cytoskeleton and its catalytic activity can be regulated through
this interaction. Apparently, G-actin and/or short oligomers enhance the cata-
lytic activity of the pump, while F-actin seems to inhibit it. To further explore
the interaction between PMCA and G-actin, we performed binding experiments
based on Surface Plasmon Resonance technology (SPR) using purified
PMCAh4b from erythrocytes and purified rabbit muscle G-actin on a BIAcore
T100 system. Our strategy consisted in immobilizing G-actin to the sensor chip
surface while PMCA constituted the analyte (125 nM to 2 mM). The sensor-
grams obtained showed an increase in the response as a function of PMCA con-
centration with a saturable binding. The unspecific binding values were
subtracted from the response obtained in the control flow cell (without immo-
bilized G-actin). The apparent KD (1.25 mM) was determined by kinetic anal-
ysis with parameters kon (1.3350.07) 104 M-1s-1 and koff (1.6650.03)
10-2 s-1.
Conversely, we immobilized PMCAh4b to the sensor chip surface. The analy-
tes were (i) G-actin (0.6 to 5 mM) or (ii) Calmodulin, a known activator of
PMCAh4b (1.8 to 15 nM). Results show that G-actin binds to the activated sen-
sor with KD=3mM, kon (2.9850.45) 104 M-1s-1 and koff (8.9850.67) 10-2
s-1 and calmodulin binds with an apparent KD of (1.1450.6) 10-8 M. This
last value agrees with the known value of calmodulin binding affinity deter-
mined by other methods.
These results show a specific and high apparent affinity binding between
PMCA and G-actin and reveal the usefulness of SPR technology to determine
binding constants between small molecules and a large membrane protein
like the plasmatic calcium pump. With grants of ANPCYT/CONICET/
UBACYT.
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Conformational changes in the First Transmembrane Helix of the
HD-ATPase, AHA2, during HD Transport
Bassem Gayed, Joshua R. Berlin.
UMDNJ-New Jersey Medical School, Newark, NJ, USA.
Conformational changes in the first transmembrane alpha helix of the Arabi-
dopsis Hþ pump, AHA2, were studied with a cysteine scanning mutagenesis
technique when the enzyme was expressed in Saccharomyces. Cysteine-
reactive compounds, including N-ethylmaleimide (NEM), fluorescein malei-
mide (FM), positively (MTSET) and negatively charged methanethiosulfonate
(MTSES) reagents, were applied to intact yeast that were actively respiring
(non-starved) or cultured overnight at 4C in glucose-free media (starved).
When yeast were exposed to FM, extracellular accessibility of substituted cys-
teines was determined by measuring fluorescent protein on PAGE gels. In
respiring yeast, FM bound only to residues predicted to be in the extracellular
1-2 loop of AHA2; however, in starved yeast, FM binding was observed at
residues predicted to be in the extracellular 1-2 loop and deep within the first
transmembrane alpha helix, down to residue 73. Pre-incubation with other
cysteine-reactive agents showed that MTSET only bound to residues in the
extracellular 1-2 loop and MTSES did not bind at all in this area of the en-
zyme. These results suggest that the conformation of the first transmembrane
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adjoining extracellular loop favoring binding of positively-charged ions. One
interpretation of these data is that conformational changes involving the first
transmembrane alpha helix affect the disposition of H2O molecules in the
membrane domain of the enzyme. These data, together with crystallographic
data for other P-type ATPases, suggest that this region in the enzyme’s trans-
membrane domain contains an extracellularly-facing cavity. We speculate that
this cavity could contribute to a release pathway for Hþ during the ion trans-
port cycle.
3602-Pos Board B463
Electrogenicity of Vacuolar HD-ATPases at the Plasma Membrane of
Osteoclasts
Hiromu Sakai, Yoshie Moriura, Junko Kawawaki, Miyuki Kuno.
Osaka City University Graduate School of Medicine, Osaka, Japan.
The vacuolar-type Hþ-ATPase (V-ATPase) is an electrogenic Hþ pump that
is distributed widely in living organisms. Electrogenicity contributes to the
proton motive force, but its precise evaluation is difficult mostly because
V-ATPases are abundant at the intracellular membranes of acidic vesicles
where fluxes of counter ions and Hþ-leakage could not be fully controlled.
In osteoclasts, bone-resorbing cells, V-ATPases are recruited to the plasma
membrane (the ruffled membrane) by exocytotic fusion of lysozomes. The
electogenicity of the plasma membrane V-ATPases was evaluated under
the whole-cell current-clamp recordings in the absence of Naþ, Kþ and
Cl-, where Hþ was a major determinant of the membrane potentials. Under
pHo/pHi 7.3/5.5 (DpH 1.8), the membrane potential varied greatly among
cells, from 250 - 7 mV. Bafilomycin, a specific blocker for V-ATPases,
depolarized cells by several to 220 mV. The depolarization was dependent
on the amplitudes of the V-ATPase currents and eliminated by replacing in-
tracellular ATP by ADP. The V-ATPase-mediated potential was reduced by
decreasing DpH and disappeared at near DpH 2.5. As the whole-cell leak
conductance was ~0.23 nS (the area resistance of the plasma membrane: 6
x 105 U cm2), 10 pA of V-ATPase currents could yield the membrane poten-
tial of ~ 40 mV. Small DpH-dependent potential due to Hþ leakage currents
remained in the presence of bafilomycin. Potentials generated by V-ATPases
and Hþ leak are thus identified successfully. The ruffled membrane could
provides a useful model for investigating Hþ fluxes across the membrane en-
ergized by V-ATPases.
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Kinetic Equivalence of pH Difference (DPh) and Electrical Potential (Dc)
across Membrane in ATP Synthesis by Bacillus PS3 FOF1-ATP Synthase
Naoki Soga1, Kazuhiko Kinosita, Jr.1, Masasuke Yoshida2,3,
Toshiharu Suzuki3.
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The ATP synthase is the key player of Mitchell’s chemiosmotic theory, con-
verting the energy of transmembrane proton flow into the high-energy bond
between ADP and phosphate. The proton motive force that drives this reac-
tion consists of two components, the pH difference (DpH) across the mem-
brane and transmembrane electrical potential (Dc). The two are considered
thermodynamically equivalent, but kinetic equivalence in the actual ATP syn-
thesis is not warranted and previous experimental results vary. Here we show
that, in the thermophilic Bacillus PS3 ATP synthase that lacks an inhibitory
domain of the ε subunit, DpH imposed by acid-base transition and Dc pro-
duced by valinomycin-mediated Kþ diffusion potential contribute equally
to the rate of ATP synthesis, within the experimental range examined
(DpH 0.3 to 2.4, Dc 30 to 140 mV, pH around the catalytic domain
8.0). Either DpH or Dc alone can drive synthesis, even when the other
slightly opposes.
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Interactions Between the g Subunit and the ε Subunit Mediate Inhibition
and Coupling in Escherichia Coli F1-ATPase
Natalie C. Negrey, Robert K. Nakamoto.
University of Virginia, Charlottesville, VA, USA.
The ε subunit of the F1 sector of the Escherichia coli ATP synthase is part
of the rotor complex (g-ε-c10). The ε subunit has been implicated in cou-
pling, as its presence allows for the maintenance of the proper rate limiting
transition state structure necessary for coupling of proton transport to ATP
hydrolysis or synthesis (Peskova, Y.B. and Nakamoto, R.K., Biochemistry
39: 11830-11836, 2000). The ε subunit has also been shown to inhibit
ATP hydrolysis. The two structural domains of the ε subunit have beenthought to play different roles: the N-terminal b-sandwich domain plays
a structural role in attaching the F1 complex to the membrane-bound FO
and is sufficient for coupling between the two domains, while the C-terminal
a-helical domain plays a role in the inhibition of hydrolysis activity. By
characterizing steady state ATPase activity and isokinetic analysis of a series
of mutant enzymes of F1 and FOF1, including point mutants, site-directed
disulfide cross-linked mutants, and truncation mutants that disrupt or stabi-
lize the interactions of the two ε subunit domains with the g subunit, we
show that two functions of the ε subunit are separable. The proper interac-
tion of the N-terminal domain with g is necessary not only for structural at-
tachment but also to achieve the optimal transition state structure required
for coupling, while the C-terminal domain interactions with g and the ab
hexamer modulate hydrolysis activity. Furthermore, we show that the confor-
mation of the ε subunit C-terminal domain in the active state of the enzyme
changes upon binding of F1 to FO, resulting in the observed increase in hy-
drolysis activity.
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The Phytopolyphenol Piceatannol Inhibits the Rate Limiting Step of Rota-
tional Catalysis of the F1-ATPase
Mizuki Sekiya1, Robert K. Nakamoto2, Mayumi Nakanishi-Matsui1,
Masamitsu Futai1.
1Iwate Medical University, Yahaba, Japan, 2University of Virginia,
Charlottesville, VA, USA.
Single molecule observations of the F1 sector of the E. coli ATP synthase were
made in Vmax conditions with minimal load. The enzyme rotates through con-
tinuous cycles of catalytic dwells (pauses lasting ~0.2 ms) and 120 rotation
steps (~0.6 ms in duration). We previously established that the rate limiting
transition state step occurs during the catalytic dwell just prior to the initiation
of the 120 rotation. Here we use the phytopolyphenol stilbenoid inhibitor, pi-
ceatannol, which binds to a pocket formed by contributions from a and b stator
subunits and the carboxyl terminal region of the rotor g subunit. The inhibitor
did not interfere with the movement through the 120 rotation step, but caused
increased duration of the catalytic dwell. Because all of the beads rotate at
a lower rate in the presence of saturating piceatannol and the dissociation
rate of the inhibitor is relatively slow, it appears that inhibitor stays bound
throughout the rotational catalytic mechanism. Furthermore, piceatannol
does not cause a bias in the behavior of the three catalytic dwell positions sug-
gesting that the inhibitor rotates with the g subunit against the a/b subunits.
Arrhenius analysis of the duration of the catalytic dwell shows significantly in-
creased activation energy of the rate-limiting step that triggers the 120 rota-
tion. The activation energy was further increased by combination of
piceatannol and the gM23K mutation indicating that the inhibitor and the b-
g interface mutation affect the same transition step, even though they perturb
physically separated rotor-stator interactions. Our data indicate that both rotor-
stator interaction sites contribute to formation of the rate limiting transition
state. These studies were supported by a grant from Ministry of Science and
Culture of Japan.
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Characterization of TFoF1 ATP Synthase C Subunit Ring in Membranes
with HS-AFM and Solid-State NMR
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FoF1-ATP synthase is located in the membranes and involved in ATP synthe-
sis coupled with proton-translocation across the membrane. F1 carries out the
rotational catalysis for the ATP synthesis and Fo is responsible for the H
þ
translocation coupled with the rotation of c subunit ring, which also rotates
the gamma subunit of F1. We have established a new purification method
of the c subunit rings from the FoF1 of thermophilic Bacillus PS3 (TFoF1) ex-
pressed in E. coli. They were reconstituted into membranes of dimyristoyl
phosphatidylcholine with perdeuterated acyl chains. To examine the macro-
scopic architecture of the oligomeric TFoc in the DMPC membranes, succes-
sive high speed atomic force microscopy (HS-AFM) images of the
reconstituted preparation on the mica in the presence of buffer were obtained
at imaging rate of 2-5 frames per second at room temperature. The HS-AFM
images of the TFoc oligomers expressed in E. coli and reconstituted into
DMPC membranes revealed torus-shaped substances with the pores at the
center, confirming that the intact c-ring structure is maintained in the purified
smple. The similar images were obtained for the oligomeric TFoc synthesized
